The influence of certain types of activators (water glass Na 2 O . nSiO 2 and sodium-metasilicate Na 2 SiO 3 . 5H 2 O) on the hydration process of alkali activated slag was investigated in this study. The influence of activator concentration, specific surface area of the slag and the modulus n of the water glass (mass ratio between SiO 2 and Na 2 O) on the kinetics of the hydration process i.e., the change of compressive strength were also investigated. Poorly crystallized low base calcium silicate hydrate C-S-H (I) is the main hydration product of alkali activated slag regardless of the activator used. This is the reason for the rapid increase in the strength of alkali activated slag and also of the very high strength values. The strength growth rate and strength values were significantly higher when sodium-metasilicate was used as the activator than when water glass was used. The specific surface area of the slag and the activator concentration are parameters which have a closely connected influence on strength and their action is cumulative. The modulus n of water glass does not have an explicit influence on the strength of alkali activated slag.
INTRODUCTION
It is well known that blast furnace slag has latent hydraulic, i.e., binding, properties so activators have to be present to enable the slag to have good binding properties. Alkali activation of slag has lately been the research subject of many scientists. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] However, due to numerous influencing factors, such as the chemical and mineral composition of the investigated slag, the amount of glassy phase, as well as the type and concentration of activator, maintenance conditions etc., the alkali activation of slag is still an insufficiently defined process requiring additional research.
The influence of certain types of activator (water glass Na 2 O . nSiO 2 and sodium-metasilicate Na 2 SiO 3 . 5H 2 O) on the hydration process of alkali activated slag was investigated in this study. The influence of activator concentration, spe-cific surface area of slag and modulus n of water glass (mass ratio between SiO 2 and Na 2 O) on the kinetics of the hydration process, i.e., the change compressive strength, were also investigated.
EXPERIMENTAL

Materials
The following materials were used in the experimental work: granulated slag from the blast furnace BFGS ("Sartid" -Smederevo), and water glass and sodium-metasilicate as alkali activators.
Chemical composition and physical characteristics
Data on the chemical composition of the granulated slag and some basic physical characteristics (density and specific surface area according to Blaine) are given in Table I . Structural investigation. Samples for structural investigation using X-ray diffraction analysis and scanning electron microscopy were prepared in the following way: the slag was activated with water glass Na 2 O . nSiO 2 or a solution of sodium-metasilicate Na 2 SiO 3 . 5H 2 O by first adding an appropriate concentration of the activator to water. Then a slag paste was prepared with the appropriate solution in the constant ratio of water/binder = 0.3. The concentration of Na 2 O was the same for both activators (4 mass %). The modulus n of the water glass (mass ratio between SiO 2 and Na 2 O) was 0.6. The chemical composition of the solid sodium-metasilicate was: 29.26 % Na 2 O and 27.98 SiO 2 . The samples stood in a humid environment (relative humidity 90%, temp. 20 ± 2 ºC) until investigated. Hydration was stopped using 2-propanol and the samples obtained were then dried in vacuum.
Investigation of the hydration process. The hydration process of alkali activation was followed through changes of the compressive strength of test samples during the hydration period, i.e., tough-ening. The samples were prepared in the following way: slag was activated using water glass or a solution of sodium-metasilicate by first adding the appropriate concentration of the activator to water. Then a slag paste was prepared with the appropriate solution in the constant ratio water/slag = 0.3. The concentration of Na 2 O was the same for both activators and was 3 or 4 % (mass). The modulus n of water glass (mass ratio between SiO 2 and Na 2 O) had the following values: 0.6, 0.9, 1.2 and 1.5.
The strength of the paste of the alkali activated slag was determined on 1´1´6 cm prisms. The prisms were placed for 24 h in a mold in an air-conditioned room, at room temperature (20 ± 2 ºC) and air (50 ± 5 % relative humidity). Subsequently they were taken of the mold and left in a damp environment (90 ± 5 % relative humidity and 20 ± 2 ºC) until tested.
X-Ray diffraction analysis. The structure of alkali activated slag and the basic slag were investigated using X-ray diffraction analysis. A Philips PW 1710 powder diffractometer operating under the same experimental conditions was used. The tube working voltage was 40 kV and the current strength was 30 mA. Radiation from a copper anticathode with the wavelength of CuKa = 1.54178 Å and a graphite monochromator were used. The samples were investigated in the characteristic band of 5-50º 2q with a step of 0.02º and a holding time for each step of 0.5 s.
Scanning electron microscopy (SEM). Investigation of the morphology of alkali activated slag was performed using a JEOL SEM JSM-5300 scanning electron microscope.
RESULTS AND DISCUSSION
The results of the X-ray diffraction analysis of the basic slag sample (Fig. 1) demonstrate that it consists mainly of an amorphous phase, indicated by a wide and diffusive reflection in the interval of 25 to 35º angles of 2q. Reflections corresponding to the crystal phases of melilite and mervinite were differentiated from this wide maximum. After 7 deys of hydrating granulated blast furnace slag, a clear differentiation of peaks corresponding to crystal phases, i.e., melilite and mervinite, can be seen. This is probably the consequence of changes in the relative ratio of the amorphous and crystal phase present in the slag due to the different solubility of the crystalline and amorphous phases, i.e., the consequence of the amorphous phase being more easily solubalized in water.
When the hydration process of alkali activated slag (Fig. 2) is analyzed, it can be concluded that, regardless of which activator was used, the main product of hydration is poorly crystallized calcium silicate hydrate (C-S-H(I)), the diffraction maximum of which can be seen at 0.303 nm one day after the onset of hydration.
It should be mentioned that when slag alone was hydrated (Fig. 1) , even after 7 days, no significant differentiation of reflections corresponding to calcium silicate hydrate C-S-H (I) were observed. This indicates that the hydration of slag alone is a relatively slow reaction, so the use of activators is completely justified. (Figs. 4 and 6 ). As has alreadly been shown by X-ray analysis, this layer of hydration products consists of low-base poorly crystallized calcium silicate hydrate CSH (I). The microstructure of this layer is more uniform in the case of sodium-metasilicate than in the case of water glass activation.
Strength of the alkali activated slag paste
Compressive strengths of pastes of alkali activated slag were investigated as a function of the type of activator (water glass or sodium-metasilicate), the activator concentration (3 or 4 mass % calculated as Na 2 O), the specific surface area of the slag (430, 500 and 600 m 2 /kg) and the modulus n of the water glass. The modulus n of water glass (mass ratio between SiO 2 and Na 2 O) had the following values: 0.6, 0.9, 1.2 and 1.5.
The results obtained from compressive strength investigations of pastes of alkali activated slag are given in Fig. 7 a-j. These Figures show that the strength values were considerably higher when sodium-metasilicate was used as the activator in comparison with water glass, regardless of the values obtained for the other investigated parameters (specific surface area of slag, activator concentration and modulus of water glass). This means that the type of activator is the most influential parameter controlling not only the rate of the hydration reaction but also the strength values. The reason for this probably lies in the differences of the microstructure of the formed calcium silicate hydrate. Increasing of the activator concentration significantly increases the compressive strength after 28 days. In the initial period up to 7 days, this influence is less noticeable. This phenomenon is more expressed with slag having a larger specific surface.
The larger the specific surface area of a slag is, the greater is the strength of the slag. This phenomenon, as stated before, is more expressed in the case when the activator concentration is higher. This means that the influence of these two parame- ters (activator concentration and specific surface area of the slag) on the strength of the investigated sample is closely connected. The influence of the modulus n of water glass on the strength of the investigated samples is not explicit, but depends considerably on the other investigated parameters (activator concentration and specific surface area of slag).
A comparison of the data obtained from X-ray and microscopic analyses with the compressive strength data for the investigated samples shows that the formation of poorly crystallized low-base calcium silicate hydrate C-S-H (I) is the reason for the rapid increase of the strength and also for the very high strength values.
CONCLUSION
The main hydration product of alkali activated slag, regardless of which activator was used was poorly crystallized low base calcium silicate hydrate C-S-H (I), the presence of which can be evidenced already after the first day of hydration. In the case of hydration of slag alone (without an activator), a significant presence of calcium silicate hydrate C-S-H (I) was not evidenced even after 7 days. This indicates that the hydration of slag alone is a relatively slow reaction so the use of activators is justified. Fig. 7 (a-j) (continuance) . Compressive strength of alkali activated slag with water glass and sodium-metasilicate as a function of hydration time (for different values of the specific surface area of a slag, activator concentration -Na 2 O content and modulus n of water glass).
